The velocity constants of propagation, transfer and termination in the polymerization of vinyl acetate at -15 and 0° C have been determined by the viscosity method. A comparison of the results with those of other authors has shown that the values for the propagation and termination constants given in table 6 are probably correct to within a factor of 2.
In recent years a num ber of investigations have been carried out on th e polym eriza tion of liquid vinyl acetate, b u t in no case have reliable values for all th e velocity constants been determined. Bam ford & Dewar (1948 a) , working w ith styrene, have shown th a t four types of reaction are im portant in vinyl polymerizations, which are chain processes-initiation, propagation, transfer and term ination. They have been able, by a new viscometric m ethod, to determ ine all four velocity constants. In th e case of vinyl acetate, B u rn ett & Melville (1947) and Swain & B a rtle tt (1946) have determ ined the propagation and term ination constants by the rotating sector m ethod of Briers, Chapm an & W alters (1926) , combined w ith independent d eter m inations of the rate of chain starting. However, their values for th e term ination constant differed by a factor of nearly 40, and it seemed th a t fu rth er determ inations were desirable. Earlier work by B agdassarian (1944) has also shown th e im portance of chain transfer in the polymerization of vinyl acetate, th e average molecular weight of the polymer formed by irradiating the liquid a t low light intensities being deter mined prim arily by the chain-propagating and chain transfer reactions.
In the present paper, all the velocity constants for the reactions involved in th e polym erization of vinyl acetate have been determ ined by th e m ethod of Bam ford & Dewar (1948 a) . The quantum yield of the initiating reaction has also been measured.
Purification of vinyl acetate
Commercial vinyl acetate was dried over calcium chloride, and th en fractionated through a 20-plate column in an atm osphere of nitrogen. The sample was thoroughly degassed, and all further purification was carried out in vacuo (p < 10~4 mm.). An all-glass apparatus was used, and a t no stage in the purification was the liquid or its vapour allowed to come into contact w ith any greased joints or taps. The last traces of w ater were removed from the liquid by standing for 2 hr. over a few pieces of freshly cut lithium , after which the vinyl acetate was distilled and sealed off in a quartz tube fitted w ith a vacuum breaker.
The final stage of the purification consisted in the removal of the last traces of acetaldehyde, which is present in commercial vinyl acetate, and of the last traces of inhibitor. The removal of the former substance is important, since, not only is it a photosensitizer for the polymerization, but also it is an active chain transfer agent. Its removal was eventually accomplished, together with the removal of inhibitor, by prolonged irradiation with a hot mercury arc, using a Pyrex glass filter, followed by heating the liquid to 60° C for 2 or 3 days. Under these conditions the acetaldehyde was almost entirely responsible fonthe initiation of the polymerization reaction, and was itself removed in the initiating process. Preliminary experiments in a Pyrex vacuum viscometer of the usual type had shown that vinyl acetate con taining traces of acetaldehyde underwent appreciable polymerization at 25° C in the dark. The final product did not do this.
The vinyl acetate was finally distilled in vacuo from the quartz tube into the quartz vacuum viscometers in which the rate measurements were carried out. The visco meters were of the type already described by Bamford & Dewar (1949 a) . The absorption spectrum of vinyl acetate The absorption spectrum of a sample of vinyl acetate purified as above, and distilled in vacuo into a quartz cell 5 cm. long, was determined in the region of wave lengths 2900 to 3100A by means of a Hilger medium quartz spectrograph and Spekker photometer. The sample had a molar decadic extinction coefficient e = 0*014 at A = 3000A, whereas at this wave-length acetaldehyde has = 14 (Schou 1929). The upper limit for the concentration of this substance in the sample is therefore 10~3 moles/1.
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The absorption spectrum of vinyl acetate in hexane was also determined in a 1 cm. cell using the above instruments. The vinyl acetate had been dried, and then dis tilled and fractionated in an atmosphere of nitrogen. The spectrum is shown in figure 1 , curve 2. It will be noted that the light absorption by the monomer is con siderably less than that obtained by Burnett & Melville (1947, figure 1 , curve 1).
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Summary of method
The method used to determine the velocity constants in the polymerization is th at described by Bamford & Dewar (1948a) , in which viscosity measurements are used to follow the course of the polymerization. I t has already been mentioned th at pure vinyl acetate does not polymerize at 25° C in the dark, i.e. = 0, and this fact has made it necessary to modify the method very slightly. The rate of chain starting in the photochemical experiments is simply proportional to the light intensity. The complete reaction scheme is therefore as follows:
( h ) where X represents any active centre and Q any dead centre, D2 is the initial polymer growing at both ends, D1 is a polymer growing at one end only, R is the growing transfer polymer, and Px and P2 are dead transfer and initial polym In order to interpret the results of the viscosity measurements, it is also necessary to know the relation between viscosity, concentration and mean degree of poly merization. The relations are now known to be as follows:
(a) For homogeneous polymer (Houwink 1940)
where [y] is the intrinsic viscosity, and is equal to the ideal specific viscosity divided by the concentration of polymer in base moles/1., M0 is the molecular weight of the monomer, P is the degree of polymerization and K and a are constants.
From (2), the following relations can be derived (Bamford & Dewar 19486) : (6) For heterogeneous polymer produced by the growth of a single radical centre, e.g. for the transfer polymer above,
where P is the number average degree of polymerization, and
(c) For a polymer prepared by the growth of a double radical,
Equations (3) and (4) 
which these authors claim to hold for dilute solutions of all polymers. In the present experiments, no measurements were carried out on solutions having a specific viscosity greater than 1. This corresponds to a conversion of less than 1 %.
If it is assumed that the chains are long and that and ki are independent of the length of the growing polymer chain, the following two expressions can now be derived:
(a) The number average degree of polymerization is given by
Thus, if the polymer is formed by irradiating the monomer by light of very low intensity, P -k2/k3. (6) 6 7 (6) The rate of change of the ideal specific viscosity in the photochemical poly merization is given bŷ
With the exception of k3jk\ and A, all the terms in equation (7) are known. Rate measurements at a number of fight intensities enable the above two quantities to be calculated by trial and error. The value of A depends, of course, on the units used for the fight intensities. It should be noted that only relative fight intensities need be known at this stage; in a later section the absolute fight intensities have been determined in order to calculate the quantum yield for the initiating reaction.
In order to determine the three velocity constants absolutely, one further relation between them is required. This is provided by measurement of the photochemical after-effect, or, more strictly, the difference between the after-effect and the pre-effect. This quantity, which will be denoted as S r f jarises from the intensity is altered, e.g. from I to zero, the rate of polymerization does not im mediately fall to its dark value, but approaches this latter value gradually. Similar considerations apply when the intensity is varied in the reverse direction. 8rfx is defined as the difference between the observed ideal specific viscosity at time t,
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and th at calculated on the assumption th at the rate changes instantaneously to its final value on turning on or cutting off the light. Experimentally, it can be deter mined by means of two irradiations at the same intensity, but for different times, or as will be shown later.
The method of calculating <Vj has already been outlined by Bamford & Dewar (1948a) ; in the present case = 0), it can be shown that, when a = f , 
Hence, &2/&3, &3/&f and being known, it is possible to determine from a measure ment of St j ja t a known fight intensity.
Experimental
(a) Measurement of P Small amounts of polyvinyl acetate were prepared at 0 and a t 25° C by irradiating the pure monomer in a quartz tube at low fight intensities where, to a sufficient approximation, equation (6) holds.
The fight source used was a hot mercury arc corribined with, at 0° C, a hot (100° C) 50 % acetic acid filter (see below), and at 25° C a Pyrex glass filter.
Solutions, of the polymers so prepared were made up in acetone, and their specific viscosities determined at 25° C with an Ostwald viscometer. The number average degrees of polymerization could then be determined by means of equation (3) (6) Measurements of rates The photochemical rates were measured at 0 and -15° C for a number of different light intensities. At 0° C the viscometer was enclosed in a quartz tube through which water from an ice-bath was circulated. For the measurements at -15° C a specially designed thermostat tank was constructed with double quartz windows. The visco meter was also clamped in this tank in such a way that the viscosity of the polymer solution could be observed without difficulty. The light source used in both cases was a hot mercury arc combined with the hot 50 % acetic acid filter. Under these conditions very little light of wave-length less than 2650A reached the vinyl acetate, and although the 2650A line is absorbed by the vinyl acetate rather more strongly than is absolutely desirable to ensure an approximately uniform rate of chain initiation throughout the liquid, it has been necessary to use light of this wave length in order to produce sufficiently high light intensities for the application of the method.* This procedure does not appear to have introduced any very serious error, but it is possible that the value determined for the termination constant may be somewhat too large. Any error has been removed as far as possible by carrying out the measurements at 0 and at -15° C, where the light absorption would be expected to be smaller than at temperatures above 0° C. Although it was found to be impossible at -15° C to vary the light intensity sufficiently to produce an abso lutely unambiguous intensity-rate curve (figure 3), the results obtained are regarded as sufficiently accurate to allow the determination of the constants to within quite narrow limits.
The occurrence of the photochemical after-effect excludes the possibility of measuring the rate under illumination by means of a single exposure. The technique has therefore been to carry out two irradiations at the same light intensity, for tx and t2 sec. respectively. If the viscosity is then measured at such a time after each irradiation that the after-effect is complete, then the difference between the total viscosity increases in the two cases is given by &/2-&/1 = * Consideration of equation (7) shows th a t a t low light intensities the photochemical rate is proportional to the square root of the intensity, whereas a t high light intensities, and when a = §, it is proportional to I For the application of the method, it is necessary to study the intermediate region of the intensity-rate curve.
where a is the photochemical rate. Theoretically, in the case where there is no dark reaction, the after-effect should be infinite (equation (8) with [-3l ]j = 0), but in prac tice it was found that the viscosity became sensibly constant in less than 20 min. after the end of an exposure. The viscosities were therefore always determined after this time had elapsed.
The relative incident intensities were measured by means of a photocell-galvano meter system. too 1 0 log I (arb itrary units) F ig u r e 2. The intensity -rate curve for th e polym erization of vinyl acetate a t 0° C (experim ental points and calculated curve).
The results were fitted by trial and error to equation (7), and values of and A determined, the values of k2/kz being already known (table 1) . The values used for K ' and a were 2-28 x 10-3 and § respectively. The experimentally determihed photochemical rates at 0 and -15° C are given in table 2, and the values of the constants giving the best fit in table 3. The experimental points are shown together with the intensity-rate curves calculated from these constants in figures 2 and 3; the agreement is good. The value of k2jkz at, -15° C the curve of log P against \ \ T°K . k^/k^(arbitrary constant) 0 2-045 x 104 9-3 x 10-« 1-66 x 10-7 -1 5 2-786 x 104 4-9 x 10-6 5-0 x 10-7
(c) Measurement of the photochemical after-effect
It has already been stated that when there is no dark reaction, the photochemical after-effect should be infinite. That the observed after-effect is not infinite must therefore imply that some side reactions terminate the kinetic chains when the concentration of radicals has become very small. Although the error so introduced was unimportant when determining the photochemical rates, it becomes exceedingly important when measuring the after-effect itself. An alternative method has there fore been adopted for measuring the latter quantity. Two irradiations were carried out at the same fight intensity, and for the same total time; the first irradiation being continuous, and the second intermittent, e.g. the first exposure was of 20 sec. duration, and the second was divided into four parts, each of 5 sec. duration, with 15 sec. intervals. The difference between the two viscosity increases is then equal to 3 dr))5in equation (8). log I (arbitrary units) Figure 3 . The intensity-rate curve for the polymerization of vinyl acetate a t -15° C (experimental points and calculated curve).
The fight intensities were measured as before, and in the same arbitrary units. The exposure times were accurately controlled by a shutter operated electromagnetically by a clock motor and commutator.
The values of the after-effects so determined are given in table 4. The smaller after effects at -15° C were considerably less accurately measurable than those at 0° C, and the value of the mean experimental after-effect at the former temperature is such that the termination constant would possess a small negative activation energy. E i has therefore been adjusted to zero, and the value of the mean experimental after-effect at -15° C calculated using the value of &4(2-2 x 108) found at 0° C. The calculated value is seen to be within the limits of experimentalerror. The velocity constants (in l.mol.-1sec.-1) at 0 and -15° C for the polymerization of vinyl acetate are given in table 5. Table 6 gives the energies of activation and the frequency factors. The latter are probably correct to within a factor of 2, and the former to ± 1 kcal. At these temperatures the value of kt (thermal initiation) is so small as to be indistinguishable from zero. = 9*8 x 105 E 2 = 6*1 kcal. = 9*9 x 103
The quantum yield of the initiating reaction
The determination of the velocity constants described above requires only a knowledge of the relative light intensities. From equation (7) it can be seen that, if the photochemical rate corresponding to a known absolute light absorption is measured, then the quantum yield of the initiating reaction can be obtained. At very low light intensities, where the square root law is obeyed, equation (7) becomes The experiments were carried out in this intensity range, at a temperature of 25° C. The vacuum viscometer used had a quartz cell of 5 cm. diameter, and 5 mm. thick, fused to one end. Light from a hot mercury arc was rendered parallel by a series of quartz lenses, and was passed through a series of filter solutions as follows:
(a)chlorine gas a t 1 atm. pressure 3 cm. (6) solution of 50 g. NiS0 4. 6H 20 in 100 ml. water 2 cm. (c) mixture of 40 % CC14 + 60 % EtOH by volume 5 mm. The transm itted light consisted almost entirely of the 2650A line. The amounts of the neighbouring fines transm itted (2537 and 2700 to 2970A) were sufficiently small to be neglected in the experiments.
For measuring the incident fight intensity, a uranyl oxalate actinometer was used (Leighton & Forbes 1930) . I t was impossible by means of a single experiment to measure both the amount of fight absorbed and the photochemical rate, since the changes produced in the vinyl acetate and in the actinometer by the same amount of light energy were of quite different orders of magnitude. The fight absorption by the vinyl acetate was therefore calculated from the absorption spectrum (figure 1), and the photochemical rate was measured a t a given fight intensity by the method previously described, with irradiation times of less than 10 min. The viscometer was then replaced by the uranyl oxalate actinometer, which was left in the fight beam for 6 days. At the end of this time the change produced in the actinometer was sufficient to allow a reasonable estimate of the absolute fight intensity. The actino meter cell had a thickness of 3 cm., so th at the absorption of the wave-lengths falling on it could be regarded as complete.
The results of the experiments were as shown in table 7.
Polymerization of vinyl acetate 519 9-8 x 10* 6-5 3-2 1-50 x 107 9-9 x 10s E* 14-2 0 1 3 07 x 108 2-2 x 108 E,
2-8 0
The frequency factors A 2 and A 4 are the same for both substance of experimental error, but the values of E 2 and E 4 lower than the corresponding values for styrene. This, of course, would be expected, since the resonance energy of the intermediate a-acetoxyalkyl radicals in the former polymerization is likely to be considerably lower than the resonance energy of the benzyl radicals in the latter. Some of the excess resonance energy of the benzyl radical compared with the a-acetoxyalkyl radical would undoubtedly be lost in the transition state.
The values of E z and A z for vinyl acetate are are appreciably lower than those for styrene.
(ii) A certain amount of discussion has recently arisen regarding the values of the velocity constants in the polymerization of vinyl acetate, and particularly regard ing the frequency factor for termination. Indirect support for the values given in table 6 is given by the results of Bagdassarian (1944) , who measured, by a dilatometric method, the rates of polymerization at 50° C of vinyl acetate at known light intensities. The equation representing the rate of disappearance of monomer is =
Substitution in equation (9) of the values for k2 and k4 at 50° C calculated from table 6 allows the rate of chain starting A I[M ]2 to be determ calculated on this basis was found to be about 3^, which is in good agreement with the present value of Bagdassarian has also shown th at the molecular weight of polyvinyl acetate prepared at low light intensities is independent of the actual value of the intensity, and th at therefore the degree of polymerization is determined primarily by the chain propagation and transfer reactions. I t is possible to calculate from his results an upper limit for the quantum yield assuming th at such transfer does nqt occur, the rate of chain initiation now being obtained by means of the equation
The figure obtained was 0*28. Since the light intensities he employed were quite low, and in view of what has been said about chain transfer, it is evident th at the actual quantum yield must be considerably lower than this.
In connexion with the difference E2 -E betwe activation energies, it is also interesting to observe th at Bagdassarian, from his molecular weight determinations, has obtained a value of about -2 kcal. for this quantity, compared with the present value of -2*9 kcal. The low value of is therefore confirmed.
The values calculated for the propagation and termination constants at 25° C from the results of the more recent publications are given in table 9, together with the frequency factors and activation energies.
Burnett & Melville, and Swain & B artlett both used rotating sector experiments to determine the mean life of the kinetic chains, and combined these with independent measurements of the rate of chain starting. The latter quantity was determined by Swain & Bartlett by means of experiments in which benzoyl peroxide was used to initiate the chains. In effect, they found a concentration of benzoyl peroxide which produced a rate of polymerization equal to that observed in their photochemical experiments, and then assumed that each molecule of peroxide decomposed initiates one kinetic chain. The rates of decomposition of the peroxide at 25° C were known from previous experiments by Nozaki& Bartlett (1946) . Swain & Bartlett claimed their values of k2 and kA to be accurate to within a factor of 5. A simple calcula shows that, if their rate of chain initiation is reduced by a factor of 4, then the results are in excellent agreement with the present ones. In this connexion, it is interesting to note that Bamford & Dewar (1949 6) have recently found that, in the autoxidation of tetralin initiated by benzoyl peroxide, only one chain is initiated for about ten molecules of peroxide decomposed. Burnett & Melville, on the other hand, determined the rate of chain initiation by measuring the rate of disappearance of inhibitor (p-benzoquinone) at a known light intensity. I t was assumed that one molecule of the quinone was removed per kinetic chain, and that all chain initiation was due to light absorption by the vinyl acetate. However, as has already been pointed out by the author (1947), the absorption spectrum of p-benzoquinone is such that there is no spectral region where the inhibitor technique using this substance can be used with pure vinyl acetate, due to its internal filter effect. The argument that the duration of the induction period of the polymerization is directly proportional to the amount of inhibitor is not con vincing, since so little is in fact known about the details of the action of quinone inhibition. Burnett & Melville's value of unity for the quantum yield of the initiating reaction must therefore be regarded as unreliable, particularly as it is considerably higher than the maximum possible value calculated earlier.
Even assuming a more reliable value for the quantum yield it is impossible to bring Burnett & Melville's results into agreement with those of Swain & Bartlett or those of the present paper. In fact, on reducing the value of the quantum yield from unity, the discrepancy in the values of kA becomes still larger. However, it is difficult to discover an exact reason for the disagreement since Burnett & Melville failed to state their exact experimental conditions. Professor Melville, in a private com munication to Swain & Bartlett (see Swain & Bartlett 1946 , p. 2386 has stated that light was used in the sector experiments of wave-length greater than 2500A, and this would agree with the statement that a cold acetic acid filter was employed. Swain & Bartlett have therefore suggested that the discrepancy is due to almost the whole of the light being absorbed by the vinyl acetate in an extremely small portion of the reaction cell; and approximate calculations show th at this certainly brings the results into much better agreement. The high concentration of growing chains in such a portion of the cell would also explain why the chain transfer reaction could not be detected in their experiments. However, the explanation would appear to be contradicted by the statement of Melville & Burnett (1947) that, under the conditions which they originally used, a 40 % solution of the monomer in n-hexane gives practically the same values for the propagation and termination constants as does the pure monomer.
It is also possible that Burnett & Melville's method of purification of the vinyl acetate was inadequate, and this would, in addition, explain the differences between the absorption spectra in figure 1 .
In conclusion, it may be said that the bulk of the experimental evidence seems to support the values for the velocity constants given in the present paper.
